The authors proposed an innovative process for recovering Mn from steelmaking slag. The process starts with the sulfurization of steelmaking slag to separate P from Mn by the formation of a liquid sulfide phase (matte). Then, the obtained matte is weakly oxidized to make a Mn-rich oxide phase without P. High-purity Fe-Mn alloys can therefore be produced by the reduction of the Mn-rich oxide phase. However, to the authors' knowledge, the sulfurization of molten slag containing P and Mn has not been sufficiently investigated. It was recently found that P was not distributed to the matte in equilibrium with the molten slag. To gain knowledge of the process's development, it is important to investigate the influence of the partial pressures of sulfur and oxygen on the equilibrium distribution of Mn and Fe between the matte and the molten slag. In the current work, a mineralogical microstructure analysis of the matte revealed that the existence of the oxysulfide and metal phases was dependent on the partial pressure of sulfur and oxygen. The Mn content of the matte increased with partial pressure of sulfur while the O content of the matte decreased. In contrast, the ratio of Mn/Fe in the matte was constant when the metal phase of the matte was observed at a log P O 2 below À11. These results also corresponded to the relationship between the activity coefficient ratio of MnS/FeS and the mole fraction of MnS/FeS in the matte. The c MnS /c FeS value decreased exponentially as the mole fraction of MnS/FeS increased.
I. INTRODUCTION
MANGANESE is an important alloying element in various advanced high-strength steels, and a proper amount of Mn must be added to these steels to yield improved mechanical properties such as high strength and good formability. The demand for high-purity Fe-Mn alloys has grown, leading to the production of advanced steels and increased Mn consumption. Although Mn is undoubtedly regarded as an important alloying element, a recycling process has not yet been investigated for stabilizing the Mn resource. It has also been reported that the segregation of Mn sources is a serious issue because more than 95 pct of the global resources are held by six countries. [1, 2] In contrast, Nakajima et al. [3] reported that the slag produced as a byproduct of the steelmaking process is a domestic source of Mn in Japan because the amount of Mn in the slag is almost equal to the amount of Mn consumed as an alloying element in the steel production process. However, it is difficult to recover Mn from steelmaking slag because it also contains P. Although the steelmaking slag could simply be reduced using C, the reduced product would contain not only Mn but also a high amount of P. The P content generally devalues the Fe-Mn alloy. The authors pointed out that this significant problem can be solved by the sulfurization of Mn in molten slag because phosphorus sulfide is unstable at high temperatures. In our previous work, [1, 2] a novel process of recycling Mn from the molten slag was proposed, and it was revealed that there was no P in the liquid sulfide (matte) at 1673 K (1400°C) and the separation of P from Mn was achieved.
To date, except for our work, no study has investigated the equilibrium distribution of Fe and Mn between the slag and the matte by sulfurization of the molten slag. However, the phase equilibrium between the matte and the molten slag has been studied for the production of liquid Cu and Ni from the sulfide concentrates of oxygen-smelting processes, such as Outokumpu Flash, INCO Flash, and the MitsubishiContinuous process. [4] [5] [6] [7] [8] Henao et al. [5, 6] investigated the equilibrium between nickel sulfide melts and the molten slag under controlled partial pressure of sulfur and oxygen (hereafter referred to as P S 2 and P O 2 , respectively) using CO-CO 2 -SO 2 mixing gas at a constant temperature. It was found that the S in Ni-S melts decreases and the Ni content of the molten slag increases as P O 2 increases. The distribution of Ni between the iron-silicate-based slag and the sulfide melts is found to be related to log P O 2 with a gradient of approximately 1/2. However, they demonstrated that a remarkable loss of Ni from the alloy to slag occurred at a log P O 2 of À4.7 or more because a FeOx-NiO solid solution is formed in slag.
Regarding the behavior of Cu between the matte and the slag, the Cu content of the matte increased with decreasing P S 2 , whereas P O 2 increased at a constant P SO 2 . When the Cu content of the matte was higher than 70 pct at 1573 K (1300°C) [7] and 75 pct at 1523 K (1250°C), [8] P S 2 decreased exponentially and P O 2 increased with increasing Cu content. In line with the results of A. Yazawa, [7] when the matte grade was 70 pct Cu at 1573 K (1300°C), P S 2 and P O 2 were~10
À3 and 10 À8 , respectively. Furthermore, the activities of Fe 3 O 4 , Cu 2 O, and elemental Cu increased rapidly as the matte grade increased over 70 pct Cu. It was pointed out that matte smelting of Cu concentrates should be done below a P S 2 of 10 À3 and a P O 2 of 10 À8 because of the formation of Fe 3 O 4 in the matte. It has been clarified by these previous studies for Ni and Cu that the equilibrium relation between matte and slag is controlled by P S 2 and P O 2 . Consequently, it is necessary to investigate the influence of P S 2 and P O 2 on the distribution of Mn and Fe between matte and slag and the mineralogical microstructures of these phases to gain fundamental information about our proposed process and to assess its feasibility.
The current work determined the relationship between the distribution of Mn and Fe, and the observed phase in the Fe-Mn-S matte equilibrated with the FeO-MnO-SiO 2 -MgO-P 2 O 5 slag under a controlled atmosphere using CO-CO 2 -SO 2 mixing gas at 1673 K (1400°C). Based on this relationship, the activity coefficient ratio of MnS/FeS at various P O 2 and P S 2 conditions will be discussed.
II. EXPERIMENTAL
The experimental method and equipment used in this study were described elsewhere. [1, 2] The experimental method is briefly described in this study. At 1673 K (1400°C), approximately 5 g FeS-MnS matte (FeS:MnS = 8:2) was equilibrated with approximately 5 g of the FeO-MnO-SiO 2 -MgO-P 2 O 5 slag in a fused MgO crucible for 24 hours. The sample was then quenched in water. The preliminary experiments confirmed that the Mn and Fe distribution between matte/ slag became constant after 24 hours of heat treatment at 1673 K (1400°C). The atmosphere in the furnace was controlled using CO-CO 2 -SO 2 mixing gas, with log P S 2 and log P O 2 ranges of À1.1 to À7.0 and À8.3 to À13, respectively. The amounts of Fe, Mn, Mg, and P were analyzed using inductively coupled plasma-atomic emission spectroscopy. The oxygen content of the matte was evaluated using inert gas fusion-infrared absorptiometry, and the sulfur content of the slag was evaluated using a combustion-infrared spectrometer to determine the suspended sulfide content. The microstructures and compositions of the matte and slag were observed using an electron probe microanalyzer (EPMA). Table I shows the results of the chemical analysis of the matte and slag under P O 2 and P S 2 . Sulfides in the slag and oxide particles in the matte were determined to be round by EPMA analysis of the cross-sectional areas of samples. Oxide particles were suspended particles in the matte because their compositions were similar to those of slag. [2] Then, the matte composition was obtained by subtracting the composition of each element in the suspended oxide from the total amount in the matte, as shown in Table I . The suspended amounts of oxide particles were also calculated using the Mg content of the matte. This calculation method has been described in Reference 2. In contrast, we found that parts of sulfides within slag were diameters of~100 lm and recognizable as suspended particles within slag. [2] However, the dissolved sulfur in slag also remains as a form of sulfide. In this work, it was difficult to clarify the sorts of sulfide that were suspended or dissolved in slag. Therefore, the total amount and composition of dissolved and suspended sulfide within slag was also calculated using the S content of the slag and listed in Table I . The slag composition of oxide forms was obtained by subtracting the composition of sulfide in slag as shown in Table II .
III. RESULTS

A. Sulfides in Slag or Suspended Particles in Matte
The amount of suspended slag in the matte was almost always less than 2 mass pct, as shown in Figure 1 . It was also found that this amount of suspended slag decreased as the ratio of Mn/Fe in the matte increased. Conversely, as shown in Figure 2 , the total amount of sulfide in the slag increased as the number of basic oxides in the slag increased. Table II shows the revised compositions of matte and slag. We have already reported that P can be separated from Mn and Fe by sulfurization of molten slag. [1, 2] Figure 3 shows the difference between the analyzed concentration of P in the matte ({P} Analy. ) and the P concentration in suspended slag ({P} suspended ). This difference is the revised concentration of P ({P} revised ) in the matte in Table II . Most of the revised values were close to zero. Therefore, it is clear that the P contents measured by chemical analysis were caused by suspended slag particles in the matte. The authors reported that the sulfurization of molten slag, including P and Mn, can separate Mn from P in molten slag. [1, 2] 
B. Effects of Oxygen Partial Pressure and Sulfur Partial Pressure on the Equilibrium Distributions of Mn and Fe between Matte and Slag
Figures 4 and 5 show the distributions of Fe and Mn between the matte and the slag as a function of log P S 2 , respectively. As shown in Figure 4 , when log P S 2 was larger than À2.5, the distribution of Fe increased exponentially as P S 2 increased. By contrast, when log P S 2 was smaller than À2.5, the distribution of Fe was independent of P S 2 and the values for a lower P O 2 (À13 £ log P O 2 £ À 11) were higher than that of a higher P O 2 (log P O 2 > À 10). This implies that Fe distribution is more strongly dependent on P O 2 than P S 2 when log P S 2 is below À2.5. In contrast, the distributions of Mn increased as P S 2 increased, as shown in Figure 5 . However, the variation in Mn distributions was not dependent on P O 2 compared to the Fe distributions. Figures 6 and 7 show the contents of oxygen and sulfur in the matte as a function of P O 2 and P S 2 , respectively. It is clear that the mattes of these experiments were not pure sulfide but were oxysulfide containing oxygen. As shown in Figure 6 , the oxygen content of the matte increased as P O 2 increased when log P O 2 became larger than À10 and log P S 2 was smaller than À1.5. In contrast, when logP O 2 was smaller than À10 or log P S 2 was larger than À1.5, the oxygen content was almost constant. It can be observed from Figure 7 that when logP S 2 was larger than À1.5, the sulfur content of the matte increased. In this case, when logP S 2 increased, the sulfur content decreased. Figure 8 shows the ratio of Mn/Fe in the matte. The ratio of Mn/Fe increased with an increment of P S 2 when logP S 2 was larger than À2.5. The effect of P O 2 on the ratio was small. This finding indicates that Mn could be enriched in the matte by increasing P S 2 . Figure 9 shows the change in MnO and FeO content of the slag as a function of log P S 2 . Both contents decreased with increasing P S 2 and their decrements changed sharply when log P S 2 was larger than À2.5. The MnO content was not remarkably changed under the influence of P O 2 . However, the FeO content decreased with decreasing P O 2 . This indicates that the ratio of Mn/Fe in the slag could be decreased by increasing P O 2 .
C. Mineralogical Microstructures of Slag and Matte
Figures 10(a) through (c) show the influence of P O 2 on the microstructure of the matte at constant P S 2 . The typical composition of each phase is summarized in Table III . Phases a and b are sulfide phases that are formed by phase separation during cooling of the sample and phase d is suspended oxide. Phase c was oxysulfide and observed only in high P O 2 conditions. The metal phase M was formed under low P O 2 conditions, and phases c and M were observed at an intermediate P O 2 . The result of the mineralogical observation of the matte is summarized in the potential diagram as shown in Figure 11 , in which the stable phases are calculated by assuming the activities of each phase at 1673 K (1400°C). [1, 2] Phase (M) was observed when log P S 2 was smaller than À2.5 and log P S 2 was smaller than À11. These critical values are roughly coincident with the boundary lines among the stable regions of Fe, FeS, and FeO.
IV. DISCUSSION
A. Distribution of Mn and Fe Between the Matte and the Slag
The effect of P S 2 and P O 2 on the distribution of Fe and Mn between the matte and the slag can be derived by the following equations: 
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Assuming that P O 2 and the activity coefficient (c FeS / c FeO or c MnS /c MnO ) in Eqs. [3] and [6] are constant at 1673 K (1400°C), the mole fraction ratio of Fe and Mn between matte/slag is practically proportional to À1/2 of log P O 2 and 1/2 of log P S 2 . As shown in Figure 12 , this relation was found when log P S 2 was larger than À2.5. When log P S 2 was smaller than À2.5, it did not influence the mole fraction ratio of either element. As shown in Figure 10 , when log P S 2 was smaller than À2.5, the formation of metal particles in the matte was observed. Figure 13 shows the degree of freedom in Fe-FeOFeS system. In this experiment, Mg was saturated by MgO crucible. Si and P were not variable factors in this system because of initial mass pct of SiO 2 and P 2 O 5 , which are not evaporated from slag. Therefore, when the FeO in slag is equilibrated with the FeS in matte, the degree of freedom is 3 as shown in region A of Figure 13 . Furthermore, because of the existence of Mn in system, the temperature, total pressure, P O 2 , and P S 2 were set so that equilibrium could be achieved. However, when the metallic phase is precipitated, the degree of freedom decreases to two in the region B of Figure 13 . Although the Mn existed in this system, equilibrium was achieved independently of P S 2 when the temperature, total pressure, and P O 2 were set. It is thought that when log P S 2 is smaller than À2.5, the mole fraction ratio of Fe and Mn between matte/slag become independent of log P S 2 by precipitation of the metallic phase. This result indicated also that the equilibrium partial pressure of sulfur was~10 À2.5 in Fe-Mn-S-O system equilibrated with the molten slag when the metallic phase was predicated.
B. Activity Coefficient Ratio of MnS to FeS
In the current work, the distributions of Mn and Fe between the matte and the slag were associated with the activity coefficient ratio of MnS/FeS in the matte. From Eqs. [1] and [4] , the relation between c MnS /c FeS and the mole fraction ratio of MnS and FeS in the matte can be expressed by Eq. [8] FeO
In Eq. [8] , K 7 is the equilibrium constant at 1673 K (1400°C) and the a MnO /a FeO is the activity ratio of MnO and FeO in slag, which can be calculated by the regular solution model [9] or FACTSAGE (CRCT, Montre´al, Canada). [10] FACTSAGE is the thermodynamic database and computational software based on the modified quasi-chemical model, which originated from the minimizing Gibbs energy between the strong ordering pairs in silicate melts. [11, 12] For obtaining the c MnS /c FeS , it is necessary to evaluate the N FeS /N MnS , which indicates the mole fraction ratios of Mn and Fe as a sulfide in the matte. However, these mole fractions of sulfides are difficult to measure in FeMn-S-O matte because the matte used in this experiment is not pure sulfide but is oxysulfide containing oxygen.
To calculate the mole fractions of MnS, MnO, FeS, and Fe t O in matte, the following calculation was achieved based on the mass balance. In this calculation, the mole fractions of Mn, Fe, S, and O in matte are denoted as N T.Mn , N T.Fe , N T.S , and N T.O , respectively. First, the mole fractions of MnS (N MnS ) and MnO (N MnO ) were calculated. When the ratio of N MnS :N MnO = a:(1 À a), the oxisulfide of Mn can be written as MnS a O (1-a) and the mole fraction of S as MnS (N S as MnS ) is described by Eq. [9] .
Assuming the stochiometric ratio of MnS, the mol fraction of Mn as MnS (N Mn as MnS ) is equal to the mole fraction of S as MnS (N S as MnS ). Therefore, N MnS is written as Eq. [10] .
By the mass balance of Mn, the mol fraction of Mn as MnO (N Mn as MnO ) can be calculated by the Eq. [11] and N MnO is written as Eq. [12] , assuming the stochiometric ratio of MnO. [9] FACTSAGE is a trademark of ThermFact Ltd., Montre´al, Canada.
[10] calculated with the activity ratios of MnO/FeO obtained from R.S. Model, were larger than that of c MnS /c FeS obtained from FACTSAGE.
To understand the activities and activity coefficients of MnS and FeS in Fe-Mn-S-O system, it is necessary to measure the activities and activity coefficients of FeO and MnO in FetO-MnO-MgO-SiO 2 -P 2 O 5 slag and to investigate the uncertainty of thermodynamic models.
V. CONCLUSIONS
The authors proposed a novel process for recycling Mn from steelmaking slag. This article has advanced the feasibility and the accumulation of knowledge of this process through the influence of P S 2 and P O 2 on the distribution of Mn and Fe between the matte and the slag at 1673 K (1400°C). The conclusions are as follows:
1. It was clear that the P content of the matte was caused by suspended slag particles. The number of slag particles suspended in the matte decreased as the ratio of Mn/Fe in the matte increased. In contrast, the suspended matte in the slag increased as the amount of the basic oxides in the slag increased. 2. The distribution of Mn between the matte/slag and the ratio of Mn/Fe in the matte increased independently of P O 2 as P S 2 increased. 3. The Fe distributions between the matte/slag were dependent on the range of P O 2 . When log P O 2 was less than À11, a metal phase formed in the matte. It was found that Fe distribution between the matte/ slag was not influenced by P S 2 in this low P O 2 range. 4. Despite a log P O 2 value greater than À10, incrementing P S 2 encouraged the decrementing of the O content of the matte. 5. The mole fractions of MnS and FeS could be calculated using the obtained mole fraction ratio of sulfur to oxygen and the mass balances of MnS, MnO, FeS, and Fe t O in the Fe-Mn-S-O matte. From this calculation, the activity coefficient ratio of MnS to FeS decreased as the ratio of N MnS /N FeS in the matte increased.
These conclusions suggest that the feasibility of our proposed recycling process is advanced by the influence of P S 2 and P O 2 on the distribution of Mn and Fe between the matte and the slag.
